ABSTRACT Background: Selenium, a potential cancer prevention agent currently being tested against prostate cancer in the Selenium and Vitamin E Cancer Prevention Trial (SELECT), plays an integral role in thyroid metabolism. The effects of long-term selenium supplementation on thyroid hormone concentrations are unknown. Objective: The objective was to investigate the effects of long-term selenium supplementation on thyroid hormone concentrations. Design: Twenty-eight healthy adults took 200 lg selenomethionine/d for 28 mo. The thyroid hormones triiodothyronine (T 3 ), thyroxine (T 4 ), and thyrotropin (TSH) were measured in plasma for 4 mo before supplementation and quarterly during supplementation. The assay methods were changed midstudy; the results of the 2 methods were not comparable. Therefore, one analysis was conducted based on the results of the first method, and a second analysis was based on all of the data, adjusted for the change. Serial data collection permitted a test for trends rather than simply a difference between initial and final values. Results: By 9 mo, mean (6SEM) plasma selenium concentrations had increased from 1.78 6 0.07 lmol/L at baseline to 2.85 6 0.11 lmol/L for men and from 1.64 6 0.04 to 3.32 6 0.1.2 lmol/L for women. T 3 concentrations in men increased 5% per year (P ¼ 0.01). T 4 and TSH concentrations were unchanged. Conclusions: Selenium supplementation produced no clinically significant changes in thyroid hormone concentrations. A small but statistically significant increase in T 3 concentrations was noted in men, with no corresponding decreases in TSH. A subset of SELECT subjects might be monitored periodically for changes during long-term selenium supplementation.
INTRODUCTION
Selenium is essential to the metabolism of thyroid hormones. The thyroid is rich in selenium and has several selenoproteins (1-3): 2 isoforms of iodothyronine 5#-deiodinase (5#DI-I and 5#DI-II), which catalyze the conversion of thyroxine (T 4 ) to triiodothyronine (T 3 ) ; 3 isoforms of glutathione peroxidase, 2 of which (GPX1 and GPX4) protect thyrocytes from hydrogen peroxide produced in the iodination of thyroglobulin; GPX3, which is secreted into the lumen, where it appears to regulate hydrogen peroxide concentrations (4); thioredoxin reductase type 1; and selenoprotein P (5) . In addition, the extrathyroidal conversion of T 4 to T 3 depends on selenium-containing iodothyronine 5#-deiodinase isoforms 5#DI-II and 5#DI-III (6) (7) (8) (9) .
Studies in animal models have shown serum concentrations of T 3 and selenium to be positively correlated (10) and selenium deprivation to increase circulating concentrations of T 4 and/or decrease those of T 3 (2, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . The 5#DIs may be more sensitive than other selenoproteins to restricted selenium supply, because humans with an inherited defect in a selenocysteine insertion sequence binding protein (SBP2) involved in selenoprotein biosynthesis have markedly impaired thyroid hormone metabolism but GPX1 and selenoprotein P are less affected (17) .
Inverse relations have been observed between plasma concentrations of selenium and thyroid volume, thyroid echostructure, and serum concentrations of T 3 (19) , T 4 (20) (21) (22) (23) (24) and thyrotropin (TSH) (24) . Low plasma selenium concentrations have been noted in patients with iodine-deficiency goiter (24) . Selenium supplementation has yielded mixed results on thyroid hormone-related endpoints: no effects in healthy subjects (22, 25, 26) or patients with autoimmune thyroiditis (27) (28) (29) (30) , increased serum T 4 concentrations in children of moderate selenium and iodine status (31, 32) , increases in serum T 3 and TSH concentrations and/or decreases in T 4 in healthy subjects (33) and patients with autoimmune thyroid disease (27, 34) or phenylketonuria (35) , and increases in both T 3 and T 4 with decreased TSH in patients with Graves disease (36) .
Two selenium-supplementation trials have been performed in healthy, selenium-adequate males. Hawkes and Keim (33) fed 11 men diets providing 14 or 297 lg Se/d. By 100 d, the highselenium group showed a small decrease in serum T 3 and a small increase in TSH; small decreases in T 4 concentrations were observed in both groups. Hawkes et al (37) followed up with a randomized, placebo-controlled study with 24 healthy men supplemented with 0 or 300 lg Se/d for 48 wk and found no significant effect on any of the thyroid hormones.
The work reported here was ancillary to a stable-isotope study to characterize the effects of long-term (2 y) selenium supplementation on the kinetics of selenium metabolism. In view of the reports of Rayman et al (26) and Hawkes and Keim (33), we conducted this work to exploit the advantages of our long-term supplementation trial to test the hypothesis that changes in selenium status affect circulating concentrations of thyroid hormones.
SUBJECTS AND METHODS

Subjects
Thirty-four subjects (17 men and 17 women) were recruited from the Cornell University community, Ithaca, NY. Interested individuals aged 20-60 y were screened on the basis of medical history, clinical laboratory tests, and health consciousness. Volunteers were excluded if they were pregnant or planning to become pregnant during the experimental period, taking or having a history of taking supplements containing .25 lg Se/d or 100 IU vitamin E/d in the past year or having a history of taking them in the past year, current or former smokers, being in a rigorous exercise/weight-reduction program, and ranking below 50% on a Health Consciousness Scale (38) . All subjects gave informed consent. Each was given a membership in the Cornell Wellness Program or comparable community-based personal health/fitness program. In addition, each was paid for completing each phase of the study and received data on their blood work. Baseline characteristics of the 28 study participants (13 men and 15 women), who completed the study and are included in this report, are shown in Table 1 . Early in the study, one male subject was diagnosed with Hashimoto disease-an autoimmune disorder frequently resulting in hypothyroidism; he was excluded from these analyses.
The scientific and subject safety aspects of the project were reviewed and approved by the Cornell University Human Subjects Committee, the National Cancer Institute Special Studies Review Board, the US Department of Agriculture Human Studies Oversight Review Board, and the University of North Dakota Human Subjects Committee (for the Grand Forks Human Nutrition Research Center).
Experimental design
This work was conducted as an ancillary study nested within a larger study to determine the effects of long-term selenium supplementation (28 mo) on the kinetics of selenium metabolism using multiple stable isotopes of that element. After a 4-mo baseline period, subjects took 200 lg Se/d as selenomethionine (SeMet) for 24 mo during which time selenium and thyroid hormones were measured periodically in plasma and serum, respectively.
Subjects were enrolled in the study in groups of 1-4 periodically from January through October 2000. Sample size was based on power considerations for the larger study; post hoc calculations of actual statistical power for the present study showed that the capability to detect 5% differences were as follows: for T 3 , 88% power for both men and women; for T 4 , 70% and 60% power for men and women, respectively; and for TSH, 11% and 20% power for men and women, respectively.
Sample collection and preparation
Plasma selenium (total), T 3 , T 4 , and TSH were measured in 5 baseline blood samples and then quarterly for 28 mo. Data are presented graphically as a function of the time of selenium supplementation, beginning with the presupplementation sampling (24 mo). Thus, time points refer to duration of supplementation and not calendar time.
All samples were collected before 1000 h from fasting subjects. This avoided the known circadian pattern of TSH secretion (with 50% differences between peak values at the onset of sleep and nadirs during the afternoon) (39) . Serum was separated within an hour and was stored (4°C) for up to 5 d before analyses of thyroid hormones. Plasma was prepared from whole blood by low-speed centrifugation and was held at 275°C for the analyses of total selenium.
Assessment of selenium and thyroid hormone status
Selenium was measured by automated electrothermal atomic absorption spectrophotometry with a reduced (with hydroxylamine and ascorbic acid) palladium matrix modifier and an instrument (Varian Spectra 600; Varian Instruments, Walnut Creek, CA) equipped with L'Vov platforms and automated Zeemaneffect background correction. Body mass index (BMI; in kg/m 2 ) was calculated from self-reported subject body weight and height. Thyroid hormones, T 3 , T 4 , and TSH were measured at the Cayuga Medical Center (Ithaca, NY) by radioimmunoassay with the use of commercial kits. The Abbott AxSYM (Abbott Diagnostics, Abbott Park, IL) kit lists analytic sensitivities as 0.15 ng/mL for T 3 , 1.0 lg/dL for T 4 , and 0.02 lIU/mL for TSH. The Beckman Access (Beckman Coulter Inc, Fullerton, CA) kit lists analytic sensitivities of 0.1 ng/mL for T 3 , 0.50 lg/dL for T 4 , and 0.01 lIU/mL for TSH. During the course of the study in (August 2002), Cayuga Medical Center changed thyroid hormone assays from the Abbott AxSYM to Beckman Access. Measurements of the same samples by both methods showed virtually complete agreement for T 4 and TSH, but major differences for T 3 ; the Beckman Access method yielded higher values. However, the sample size of the comparison study was insufficient to yield a calibration equation sufficiently accurate to be useful.
Data analysis
Our objective was to estimate the magnitude and direction of changes, if any, in the concentrations of T 3 , T 4 , and TSH associated with selenium supplementation. We used mixed models to allow repeated measurements from the same subject to be correlated. Because TSH is not normally distributed, it is typically shown in log-normal units, and the geometric, rather than the arithmetic, mean is given. We followed this practice.
In our models, the dependent variable was hormone concentration, and the main exposure was length of supplementation (S). For each hormone, we fit 3 regression models, all of which included the following covariates: age at baseline (age), BMI, and seasonal effect (season). Seasonal effect was defined as follows: season 1, winter (December to February); season 2, spring (March to May); season 3, summer (June to August); and season 4, fall (September to November). The first model included only the above covariates. The second model assumed a linear effect of selenium supplementation over time by including S as a covariate. The third model assumed a quadratic effect by including S and S 2 as covariates. We used likelihood ratio tests to determine whether there was a linear and/or a quadratic effect on hormone concentrations and to test the significance of the other covariates.
As noted above, the effect of supplementation is confounded in our data by what we call an ''assay effect,'' that is, the effect of changing the assay method from Abbott AxSYM to Beckman Access on about 10 August 2002. We used 2 approaches in our modeling to take this confounding into account: 1) Censored approach: We excluded samples drawn after 10 August 2002 and used only those observations obtained with the Abbott AxSYM method. The advantage of this approach was that it eliminated changes due to the switch in test kits. The disadvantage was that it excluded some data: at 12 mo the data set included 15 women and 13 men; this number dropped to 11 women and 6 men at 18 mo (Table 2) ; consequently, this approach had less power to detect statistically significant changes. 2) Assay-modeled approach: With this approach, we used all the data and modeled the effect of changing the assay method by adding a covariate to the models that equaled 0 if the measurement was made before 10 August 2002, and 1 if the measurement was made afterward. The advantage of this approach was that it used data from the entire study and thus had more power to detect statistically significant changes. The disadvantage was that it relied on a model that may not adequately describe the complexities of the relation between the 2 assay methods.
To determine whether the treatment effect, S, was statistically significant at any point during the supplementation period, we compared the likelihood ratio statistics with and without S for each study duration time point.
RESULTS
Selenium status
Selenium supplementation increased plasma selenium from a mean (6SEM) of 1.78 6 0.07 lmol/L for men and 1.64 6 0.04 lmol/L for women at baseline to 2.85 6 0.11 lmol/L for men and 3.32 6 0.12 lmol/L for women by month 9, after which plasma selenium concentrations were stable (Figure 1) . Plasma selenium concentrations increased more in women than in men, which may be due in part to their lower body weights (Table 1) . Because men and women received the same selenium dose (200 lg Se/d), the effective selenium dose (per unit body weight) was greater in women than in men.
Thyroid hormone concentrations
Plots of mean thyroid hormone concentrations by sex and month of selenium supplementation are shown in Figures 2 and  3 . Because different assay methods were used to analyze the data during these 2 time periods, the data represent both the effect of supplementation and an ''assay effect'' (the effect of changing assays). Also indicated in those figures are projected values (open circles) for the case in which all samples had been analyzed by the same method. Likelihood ratio tests indicated no statistically significant quadratic effects of selenium supplementation for any of the thyroid hormones; results presented are based on the second model (linear effect). The estimated effect of 1 mo of selenium supplementation on hormone concentrations for both the censored and assay-modeled analytic approaches, denoted as S, is shown in Table 3 for the 3 thyroid hormones.
Effect of supplementation
For T 3 , estimates of the supplementation effect, S, were significant for men with both the censored approach (0.006 6 0.002 nmol Á L 21 Á mo
21
; P ¼ 0.02) and the assay-modeled approach (0.007 6 0.002 nmol Á L 21 Á mo
; P ¼ 0.01). The latter corresponds to an average increase of '5% per year. (Figure 2 ). The supplementation effect became statistically significant at 15 mo with both the censored and the assay-modeled approach. For women, estimated increases were also positive but smaller, 0.001 6 0.002 and 0.003 6 0.003 nmol Á L 21 Á mo 21 for the 2 approaches, respectively, and were not statistically significant.
There was no effect of selenium supplementation on T 4 for either men or women, but concentrations were higher for women than for men ( Figure 2) ; this difference persisted throughout supplementation. There were no statistically significant effects of supplementation on T 4 concentrations for either men or women, despite the slight decline in values (Figure 2) . Similarly, concentrations of TSH ( Figure 3) were not affected by selenium supplementation for either sex. For both T 4 and TSH, for both sexes, S was slightly negative but not significantly different from zero.
Neither age at baseline nor BMI was statistically significant predictors of thyroid hormone concentrations. There were significant seasonal effects only among women. For T 3 , concentrations were higher in the fall than in the spring with the assaymodeled approach. For T 4 , concentrations were higher in the fall than in the winter or summer with both analytic approaches; they were higher in the spring than in the winter with the assay-modeled approach. In contrast, no seasonal effects were detected in TSH concentrations for either sex. Despite the fact that seasonal effects were sometimes statistically significant, adding seasonal effects to the models had a negligible effect on the estimated effects of selenium supplementation.
DISCUSSION
To date, all of the long-term studies of the effects of selenium supplementation on thyroid hormone metabolism have been in subjects with a low or deficient selenium status. The present study differs from previous studies in as much as the subjects were adequate in selenium by the standard of having plasma selenium concentrations .80 ng/mL, which Hill et al (40) calculated to be associated with maximal expression of plasma selenoproteins. Subjects in the present study had presupplementation plasma selenium concentrations of '130 ng/mL; this concentration corresponds to the 50th percentile for healthy Americans (41) and was very similar to the baseline concentration of subjects in studies by Hawkes and Keim (33) . Furthermore, these concentrations are consistent with full expression of the iodothyronine deiodinases.
Our study used a before-after design to compare thyroid hormone concentrations before and after selenium supplementation. This design is more powerful than a comparison between 2 separate groups because it eliminates between-group variability by comparing each subject to him or herself. By reducing variance in this way, smaller differences, such as the increase in T 3 in men, are detectable.
This study was the first to track the change in plasma selenium in response to long-term selenium supplementation over a relatively short time (3 mo). The increase in plasma selenium in response to selenium supplementation indicated that the selenium supplement was bioavailable. That the magnitude of that response ('90 ng/mL) FIGURE 1. Mean (6SEM) plasma selenium concentrations during baseline (24 to 0 mo) and over 28 mo of selenium supplementation (200 lg/d) in men (n) and women (h); n varied over time (see Table 2 ). The arrow indicates the start of selenium intervention.
was greater than that observed in the Nutritional Prevention of Cancer with Selenium Trial ('76 ng/mL) may reflect differences in the selenium supplements used: L-selenomethionine (present study) compared with high-selenium brewers' yeast (42) . Nevertheless, both studies showed that a supplementation period of !6 mo is required to bring healthy Americans to new plateaus in plasma selenium-a longer period than used by Hawkes and Keim (33), but not by Rayman et al (26) (6 mo) or Hawkes et al (37) (11 mo).
Two sources of variation were avoided in this study. Diurnal changes, which have been reported for TSH concentrations (39), were avoided by drawing blood only in the morning after subjects had fasted. Because subjects entered the study throughout the year, quarterly blood collections were staggered throughout the year so that any changes in TSH concentrations due to season were prevented (43) and were not concentrated in any specific quarterly draw, but rather occurred in different quarters across the study population.
Because of the change in assay midway through the study, we used 2 approaches to analyze these data. The censored approach, using the first method alone, was the most conservative, requiring no assumptions about the change in assay method; however, it did not make use of all the data. The assay-modeled approach used all the data; however, it relied on the correctness of our model of the relation between the 2 assay methods. We note that the magnitude and direction of the model parameters were similar for the 2 approaches for all 3 thyroid hormones. Furthermore, similarities between the models were visually apparent in the plots for each hormone. Together, these data support the validity of the analysis.
Our study differed in several respects from the studies of Rayman et al (26) and Hawkes et al (37) . We used SeMet as the intervention agent, whereas they used selenium-enriched yeast. We supplemented for 28 mo, whereas those studies supplemented for 6 and 12 mo, respectively. We used 5 baseline samples; each of the other studies used only a single baseline sample.
Neither of the previous intervention studies found any evidence that selenium supplementation affected thyroid hormone concentrations in subjects of baseline selenium status that was either low (37) or comparable with that of most Americans (26) . A comparison between the present results and those of the other Table 2 ). Arithmetic means are shown with 95% CIs (vertical bars) for points with .2 subjects. One-sided 95% CIs are shown as estimated by the censored (solid line) and the assay-modeled (dashed line) approaches adjusted for age, BMI, and season. Data collected before October 2002 (d) and estimates of data collected after 12 mo (s) are shown as indicated in the text. T 3 concentrations increased significantly (5% per year; P , 0.001) in men, becoming significant after 18 mo of selenium supplementation. studies shows overall agreement in that none of these studies found differences related to selenium supplementation in any of the thyroid hormone concentrations in either sex at either 6 or 12 mo. The present study, which was longer than either of the other studies, detected a statistically significant increase in T 3 concentration over 28 mo; however, that this effect was not accompanied by a change in TSH concentration indicates that it was not clinically significant.
These results indicate that, in healthy subjects of adequate selenium status, a period of !6 mo is required to reach a new steady state plasma selenium concentration when supplemented with 200 lg Se/d as SeMet. This finding is consistent with the results of the Nutritional Prevention of Cancer Trial (42) . These results also show that such supplementation does not produce clinically significant changes in thyroid hormone concentrations. This was as expected, in as much as the baseline selenium status appears to have been sufficient for the maximal expression of selenoenzymes, including the selenium-dependent iodothyronine 5#-deiodinases. However, men responded to selenium supplementation with small but statistically significant increases in circulating T 3 concentrations with no corresponding decreases in TSH. Considering the fairly long period of the selenium-supplementation period (28 mo), these findings cannot be considered clinically significant. Table 2 ). Data collected before October 2002 (d) and estimates of data collected after month 12 (s) are shown as indicated in the text. 
